Objective: To examine the clinical and economic value of point-of-care CD4 þ (POC-CD4 þ ) or viral load monitoring compared with current practices in Mozambique, a country representative of the diverse resource limitations encountered by HIV treatment programs in sub-Saharan Africa. 
Introduction
For the millions worldwide on antiretroviral therapy (ART), the WHO recommends monitoring for ART failure [1] . ART failure results from poor ART adherence and/or virologic resistance, which can emerge in the setting of partially effective ART [2] . Three strategies are used to evaluate for ART failure: clinical, immunologic (CD4 þ ), or virologic (viral load) monitoring. When access to laboratory testing is unavailable or unreliable, clinicians still depend on clinical monitoring alone for disease progression [3] . Immunologic monitoring with CD4 þ tests is used in settings where laboratory services are available, but virologic testing is not. Virologic monitoring, used in all developed countries, is preferred given its high sensitivity and specificity to diagnose ART failure, but its use has been restricted in resource-limited settings because of lack of available infrastructure, equipment, technical expertise, and cost [1] .
POC-CD4
þ tests are now available and most often deployed in settings with insufficient access to laboratory infrastructure; they are in use in 30 countries throughout sub-Saharan Africa [4] . In Mozambique, such technology is already available in rural settings to determine ART eligibility for newly diagnosed people living with HIV (PLWH) [5] and has been shown to be cost-effective [6] . Given available POC-CD4 þ in rural clinics, it is logical to consider extending its use for ART monitoring.
The value of POC-CD4
þ is less clear in settings with access to laboratory services. POC-CD4 þ could provide additional benefit in ART monitoring because it expedites clinical decision-making by reducing the turnaround time for test results and the number of lost tests [7] . However, in comparison to viral load, which is more accurate and increasingly available, POC-CD4 þ might not be worth additional investment.
Using a modeling approach, we investigate whether POC-CD4 þ for ART monitoring could improve clinical outcomes and be economically efficient in rural or urban settings compared with current standards of care in Mozambique and compared with viral load in urban settings.
Methods

Analytic overview
We use the Cost-Effectiveness of Preventing AIDS Complications-International model to examine the clinical impact, cost, and cost-effectiveness of monitoring for ART failure in PLWH in Mozambique. These monitoring strategies differ in terms of the performance characteristics of the tests used to detect ART failure (i.e. bias and random error), time delay from observed ART failure until clinical decision-making, test frequency, and costs.
We specifically consider the following implementation strategies in two different settings. In the rural setting, we assume no laboratory infrastructure exists, so a clinical ART monitoring strategy (CLIN) is the standard of care; we incrementally compare the addition of annual POC-CD4 þ to CLIN, assuming a single platform Alere Pima (Waltham, Massachusetts, USA) POC-CD4 þ technology is in place and available. We next examine an urban setting with established access to centralized laboratory services; here, biannual laboratory CD4
is the standard of care, and annual viral load is the proposed goal [8] . We investigate the potential benefits of replacing LAB-CD4 þ with either biannual POC-CD4 þ or annual viral load. Because monitoring frequency differs by setting, a subscript indicates test frequency (e.g. POC-CD4 12 denotes monitoring every 12 months with POC-CD4 þ ).
We project the clinical (life expectancy, time on failed ART) and economic outcomes [per person lifetime costs (2014US$)] for these strategies, from which we calculate incremental cost-effectiveness ratios (ICERs, D$/Dlife expectancy) with 3% annual discounting. We use the modified societal perspective, including all direct medical costs incurred by different funders but excluding indirect costs, such as lost economic productivity [9] . We consider monitoring strategies to be 'cost-effective' if their ICERs are less than or equal $620/YLS [10] , the Mozambique 2014 annual per capita gross domestic product [11] .
Model structure
The Cost-Effectiveness of Preventing AIDS ComplicationsInternational model is a previously published Monte Carlo simulation model of HIV disease and treatment [6, 12] . Simulated patients draw from initial distributions of age, sex, CD4 þ , and viral load populated from clinical trials and cohort data representative of a Mozambique population initiating ART [13] . In the first month of simulation, a hypothetical cohort of ART-eligible PLWH enters HIV care to initiate ART. Patients can die from acute HIV-associated events, chronic HIV disease, or non-HIV-associated causes.
Clinical care
Simulated PLWH attend clinic and are prescribed ART, which can be effective [i.e. leading to virologic suppression (<50 copies/ml) and rising CD4 þ cell counts] or not (i.e. detectable viral load and declining CD4 þ cell counts). Patients can be lost to follow-up and subsequently return to care (Appendix ; Table SDC1 , http://links.lww.com/QAD/B134).
ART failure and monitoring
The model distinguishes between true and observed ART failure. 'True' ART failure occurs when a patient's viral load rises despite being prescribed ART. This modeled biologic truth is only clinically actionable if there is also 'observed' ART failure, in which a test and/or documented clinical event detects ART failure.
We define ART monitoring as any strategy used to detect observed ART failure [1] . CLIN [6] . Immunologic monitoring and CLIN, therefore, detect both false positives (i.e. observed ART failure without true ART failure) and false negatives (i.e. true ART failure that is not observed). Viral load provides the earliest and most accurate diagnosis after true ART failure because it directly detects the virus.
Clinical management of ART failure Upon observed first-line ART failure, patients undergo adherence counseling with an opportunity for first-line 'resuppression.' If observed failure is detected again, patients switch to second-line ART. To account for reallife differences in test result availability and access to second-line ART, a strategy-specific time delay occurs between the procurement of the test sample diagnosing ART failure and clinical decision-making. Patients with observed failure on second-line ART despite another adherence intervention continue on second-line ART until death without additional monitoring.
Input parameters
Cohort characteristics and clinical care Simulated patients have a median CD4 þ cell count of 166 cells/ml (interquartile range 78-226 cells/ml) [13] , and 79% achieve virologic suppression at 6 months of treatment (Table 1; Table SDC1 , http://links.lww.com/QAD/ B134) [14] . We incorporate loss to follow-up rates from sub-Saharan Africa (Appendix; Table SDC1 , http:// links.lww.com/QAD/B134).
Definition of observed antiretroviral therapy failure Observed ART failure is not diagnosed during the first year of ART [8] . CLIN detects observed ART failure in patients who experience a WHO stage III or IV opportunistic infection. Immunologic and virologic monitoring detect observed ART failure according to Mozambique national guidelines; if opportunistic infections occur, patients are then tested by the strategy-specific tests to confirm ART failure (Table 1 , [15] [16] [17] [18] [19] ) [8] .
Test characteristics and confirmatory tests
We derive bias and random error for both types of CD4 þ test from the published literature (Table SDC2 , http:// links.lww.com/QAD/B134) [20] . We consider viral load to have no bias or random error (Table 1) . If the first strategy-specific test meets criteria for observed ART failure, a second confirmatory test is performed the following month (CD4 þ ) or 3 months later (viral load); observed ART failure is diagnosed only when both test results meet ART failure criteria [8] .
Costs CLIN adds no additional costs because the costs of detecting and treating opportunistic infections are included in HIV clinical care [16] . LAB-CD4 þ , POC-CD4 þ , and HIV RNA tests cost US$11, US$13, and US$20/test, respectively; we incorporate start-up costs for laboratory infrastructure and personnel training for HIV RNA tests as these are new technologies in Mozambique (Appendix ;  Table SDC3 , http://links.lww.com/QAD/B134) [17, 18] . All costs are from 2014 (Appendix).
Clinical management of antiretroviral therapy failure: adherence intervention When CLIN detects ART failure, patients immediately receive an adherence intervention. In the other strategies, a confirmatory test is needed to finalize the ART failure diagnosis. When POC-CD4 þ is used, adherence counseling occurs when the confirmatory test is performed; there is a delay with LAB-CD4
þ or viral load because of transport, processing time, and the potential for lost samples/results (Table 1 ).
Switch to second-line antiretroviral therapy
The time delay before switching ART represents the time to receive test results, achieve centralized committee approval, and transport second-line ART to the clinic for dispensing [21] . Estimates from sub-Saharan Africa range from 5 to 20 months [19] . Because laboratory-based strategies require additional time for specimen transport, we included a 3 month longer time delay for LAB-CD4 þ and viral load (14 months) than for CLIN and POC-CD4 þ (11 months).
Performance characteristics of antiretroviral therapy monitoring strategies
We use model output to quantify the sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of each ART monitoring strategy to detect ART failure. For instance, the sensitivity of each ART monitoring strategy is the number of patients correctly detected with observed ART failure (i.e. true positives) among all patients with true ART failure ( 
Sensitivity analyses
We examine the impact of plausible ranges of key parameters in one and multiway deterministic sensitivity analyses. POC-CD4 þ test costs are sensitive to the numbers of tests performed per machine. We evaluate the impact of POC-CD4 þ test costs ranging from $9.72/test (20 tests/day) to $210/test (16 tests/year); these machine volumes are consistent with current use in Mozambique. Longer time delays can result from downtime of POC-CD4 þ machines, stockouts of consumables, or when the number of daily tests exceeds the machine's capacity (i.e.
>20 tests/daily). We perform two-way sensitivity analysis on POC-CD4
þ test cost and time delay to investigate the impact of POC-CD4 þ utilization (i.e. decreased per test costs because of more tests/day and increased time delay when the number of daily tests exceeds the machine's capacity). To examine the impact of improved transport to laboratory diagnostic hubs, we perform two-way sensitivity analysis on decreased time delay and increased cost for LAB-CD4
þ and viral load. We also perform probabilistic sensitivity analysis to investigate the impact of uncertainty surrounding data estimates of the five monitoring-specific input parameters (Table SDC4 , http://links.lww.com/QAD/B134).
Budget impact analysis
To investigate the affordability of ART monitoring strategies in Mozambique to its government and donors, we examine the costs associated with implementing POC-CD4 12 in a rural setting and POC-CD4 6 or viral load 12 in an urban setting. In Mozambique, 668 100 people are diagnosed with HIVand on ART in 2015, of whom 1% are on second-line ART; we assume 20% live in a rural setting without access to laboratory services, and 80% live in a setting with laboratory services. We anticipate that 980 000 patients will initiate ART by 2025 to achieve 80% coverage as per President's Emergency Plan for AIDS Relief (PEPFAR) projections (Table SDC5 , http://links.lww.com/QAD/B134) [22] . We include strategy-specific monitoring costs, as well as ART and routine care costs associated with guideline-concordant care in Mozambique [8] . We examine undiscounted costs over a 10-year time horizon.
Results
Rural setting
Base case The sensitivity to detect ART failure is 1.4% with CLIN, increasing to 34.6% with POC-CD4 12 ( Multiway and probabilistic sensitivity analysis When we simultaneously vary POC-CD4 12 bias, random error, and cost, POC-CD4 12 remains cost-effective compared to CLIN for the POC-CD4 þ random error and bias reported in all but one published study (Fig. 2) . In sensitivity analysis regarding POC-CD4 þ capacity, POC-CD4 12 is most cost-effective when used at maximum capacity (ICER, $440/YLS) but remains cost-effective even at modest capacity (i.e. 180 tests/year). When test volumes overwhelm machine capacity, POC-CD4 12 remains cost-effective compared with CLIN but with reduced clinical benefit. In probabilistic sensitivity analysis (PSA), POC-CD4 12 is cost-effective in 86.1% of simulations at a willingness to pay threshold of $620/ YLS (Fig. SDC2A , http://links.lww.com/QAD/B134).
Urban setting
Base case In the urban setting, the sensitivity to detect ART failure is: 23.7% (LAB-CD4 6 ), 24.9% (POC-CD4 6 ), and 89.0% (viral load 12 ) ( Table 2 , bottom left). The PPV of each ART monitoring strategy is: 92.2% (LAB-CD4 6 ), 85.8% (POC-CD4 6 ), and 100.0% (viral load 12 ). The NPV is: 83.9% (LAB-CD4 6 ), 84.3% (POC-CD4 6 ), and 98.4% (viral load 12 ).
We project a life expectancy of 19.8 years for PLWH monitored with LAB-CD4 6 or POC-CD4 6 , which increases to 20.4 years with viral load 12 (Table 2 , bottom right). Discounted life expectancies for LAB-CD4 6 , POC-CD4 6 , and viral load 12 are 12.7, 12.8, and 13.0 years. Discounted per person lifetime costs increase from US$3120 (LAB-CD4 6 ) to US$3250 (viral load 12 ) to US$3380 (POC-CD4 6 ). POC-CD4 6 confers fewer life years and higher costs compared with viral load 12 ; viral load 12 is cost-effective compared with LAB-CD4 6 (ICER, US$440/YLS).
In LAB-CD4 6 , PLWH spend 11.7 years suppressed and 2.8 years failing on first-line ART, which decreases to 10.6 years and 2.5 years with POC-CD4 6 , respectively (Fig. 1, bottom 
Multiway and probabilistic sensitivity analysis
We simultaneously vary the time delay for viral load 12 and the probability of re-suppression for all ART monitoring strategies; we then compare viral load 12 with LAB-CD4 6 because POC-CD4 6 is dominated. Increased viral load 12 time delays reduces its clinical benefit (i.e. more months spent on failing ART); clinical benefits of viral load 12 in comparison with LAB-CD4 6 wane as resuppression efficacy rises in both strategies (Fig. SDC3 , http:// links.lww.com/QAD/B134). Reducing transport time for laboratory-based strategies could improve clinical outcomes and be cost-effective; POC-CD4 6 is only preferred when operating at capacity (i.e. $9.72/test) and laboratory-based strategies are twice their current test costs (Table SDC7 , http://links.lww.com/QAD/B134). In PSA, viral load 12 is the preferred strategy 68.9% of the time at the willingness to pay threshold threshold of $620/ YLS (Fig. SDC2b , http://links.lww.com/QAD/B134).
Budget impact analysis
Using model output, we project costs of $153.4 million/ year for guideline-concordant HIV care in 2015; PEPFAR estimates costs of $159.7 million/year, comprising approximately 90% from international donors and $10% from the Mozambique Ministry of Health [22] . We estimate costs of guideline-concordant HIV care with CLIN are $433.7 million over 10 years; POC-CD4 12 would cost $60.1 million more (13.8% of CLIN budget). In settings with laboratory services, we project that guideline-concordant care with LAB-CD4 6 will cost $2.0 billion over 10 years; viral load 12 would cost $151.7 million more (7.5% of LAB-CD4 6 budget). In both [24] 1x per capita GDP ≤ ICER < 1.5x per capita GDP Glencross et al [23] 1.5x per capita GDP ≤ ICER < 2.0x per capita GDP Jani et al (capillary) [25] ICER > 2x per capita GDP Jani et al (venous) [25] Mtapuri et al [26] POC-CD4 + test random error (%) þ meta-analysis) is marked with an X. Other published estimates of POC-CD4 þ test bias and random error are marked with other symbols. GDP, per capita gross domestic product; ICER, incremental cost-effectiveness ratio; LAB, laboratory; POC, point-of-care. Adapted with permission [20] , [23] , [24] , [25] , and [26] .
settings, improving ART monitoring decreases first-line ART costs but increases second-line ART costs and adds monitoring costs (Fig. 3) .
Discussion
Using POC-CD4 þ to monitor for ART failure could improve clinical outcomes and be cost-effective in settings without access to laboratory services. Where laboratory services are already available, however, viral load offers the greatest clinical benefits and is costeffective compared with LAB-CD4 þ , given recently reduced costs for HIV RNA tests in Mozambique.
In rural settings without laboratory services, POC-CD4 þ monitoring improves outcomes at good value. Over 10 years, POC-CD4 12 would cost an additional 13.8% of the CLIN budget, in return for adding 2.8 years of life (16.6% of CLIN life expectancy). With POC-CD4 þ , fewer PLWH are inappropriately moved to second-line ART when they are not failing first-line ART, and fewer PLWH truly failing first-line ART are maintained on it. POC-CD4 12 remains economically efficient even with less favorable operating characteristics or higher test costs, which can occur when POC technology is used by less well trained staff [23] or less frequently [27] . More frequent monitoring offers minimal additional clinical benefit; its lower PPV results in more patients incorrectly diagnosed with ART failure and unnecessarily started on more expensive second-line ART.
In settings with existing laboratory services, POC-CD4 benefit than might be anticipated. In contrast to newly diagnosed PLWH who frequently do not link to care if they do not learn the results of their CD4 þ test [13, 28] , PLWH in care and on ART can be retested at the next clinical visit if laboratory-based test results have been lost, unless they become lost to follow-up.
ART monitoring provides value only if it improves clinical care. Our findings support other modeling studies, underscoring that investments in ART monitoring strategies can offer good value in very resourcelimited settings, if opportunities are available to implement adherence interventions or second-line ART. With severely constrained budgets, however, expanding access to ART is a more efficient use of funds [16, 29] . If ART suppression or resuppression rates are high (i.e. ART failure is less common), the value of more accurate but more costly monitoring strategies, such as viral load, is reduced [30] . In Mozambique, 19-24% of patients on first-line ART have evidence of virologic failure [31, 32] , similar to other settings in sub-Saharan Africa [33, 34] ; while scale-up of ART coverage continues, investment in longitudinal care is essential to maintain virologic suppression, gain long-term benefits of ART, and reduce transmissions and deaths.
Findings from our budget impact analysis highlight the cost tradeoffs with different ART monitoring strategies. At 10 years, we project viral load 12 would add $72.5 million in monitoring costs but would save $37.9 million in costs of first-line ART prescribed to patients failing it. The $151.7 million total increase in costs is largely because of an increase of $119.8 million in second-line ART costs for patients failing first-line ART despite an adherence intervention. If second-line ART costs decline, viral load will become more affordable. With improved ART monitoring and access to suppressive second-line ART, these patients would no longer be left on failing first-line ART, which can contribute to the development of increased viral resistance and more HIV transmissions [2] .
Our analysis includes several assumptions and limitations. We assume that the viral load strategy includes no CD4 þ monitoring tests [35] , which would increase costs and reduce its cost-effectiveness. Although our analysis does not formally include HIV transmissions or the development of resistance, we assess time on failed ARTas a proxy for these outcomes. Increased time on failed ART, as occurs with CLIN or CD4 þ compared to viral load, will result in more transmissions, more virologic resistance, and further increases the value of viral load compared to other strategies. We do not include additional start-up costs of POC-CD4 þ in urban settings where they are not currently in use; however, sensitivity analyses on POC-CD4 þ costs demonstrate the impact of a more costly POC-CD4 þ test. If POC-CD4 þ technology has greater throughput/capacity or is combined with additional tests relevant to HIV, then additional benefits or efficiencies could exist that our analysis would not capture. We did not include POC viral load in our analysis because it is not yet commercially available and its test characteristics and costs are not clearly described. Finally, we used the Mozambique per capita gross domestic product as a benchmark for cost-effectiveness and as a familiar reference point. Concerns have been raised about the use of 'demand-side' thresholds [36] , although this benchmark is supported by theory and frequently cited [37] . Additionally, 'supply-side' cost-effectiveness thresholds derived from current health spending profiles are not readily available in resource-limited settings. Criteria for resource allocation decisions are further complicated in settings like Mozambique, where international donors finance more than 90% of the HIV program [38] .
National ART programs provide services in a diversity of settings, some with better access to laboratory infrastructure than others [5] . In rural communities, which already have access to POC-CD4 þ , our results support using POC-CD4 þ for ART monitoring with ongoing attention towards further scale-up of laboratory services, including viral load. In settings where laboratory services are already available, POC-CD4 þ does not offer clinical or economic benefits compared with LAB-CD4 þ for ART monitoring. Viral load will improve clinical outcomes and be cost-effective and is worth further investment.
